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Objective: Adolescence is often associated with decline in physical activity (PA) and a circadian shift towards 
eveningness, but it is not known whether these transitions are intertwined. We explored longitudinally and in cross-
section how chronotype and genetic liability for morningness associate with PA as self-reported and measured by 
actigraphy in early and late adolescence.  
Methods: Our sample comes from a longitudinal Finnish community-cohort born in 1998 with information on 
actigraph-based PA and objectively measured sleep-wake rhythm based on midpoint of sleep at ages 12 (N=353, 
girls=187) and 17 (N=171, girls=98). Information on self-reported circadian preference and subjective PA was 
available at age 17. The summarized genetic effects of multiple single nucleotide polymorphism for morningness 
was assessed by calculating polygenic score (PGS) based on the results on a recent genome-wide association study 
(GWAS).  
Results: PA declined by 40% (p<0.0001) in boys and by 32% in girls (p<0.0001) from age 12 to 17. Later midpoint 
of sleep correlated significantly with lower level of general, light and moderate to vigorous PA only at age 12 (all 
p<0.05) but not at age 17 (all p≥0.36). However, those with circadian preference more towards eveningness at age 
17 had more sedentary behavior (p<0.01) and a lower level of general (p=0.01), light (p<0.01) and moderate to 
vigorous PA (p<0.05). They also had poorer subjective assessment of their fitness level (p<0.01) and they 
exercised less (all p≤0.05). The decline in objectively measured PA and increase in sedentary behavior from age 
12 to 17 was emphasized among those with circadian preference towards eveningness (p<0.05). PGS for 
morningness was not significantly associated with PA in adolescence (all p≥0.13). 
Conclusions: Findings of this study highlighted the influence of circadian preference on physical activity behavior 
in adolescence. Self-assessed circadian preference towards eveningness associated with lower PA and greater 
decline of it during adolescence. Furthermore, PA declined significantly especially among boys from early to late 
adolescence. Interventions encouraging physical activity should target specifically evening-oriented adolescents. 
 





Physical activity (PA) has a dose-response effect on better adolescent health [1], whereas physical inactivity is a 
contributing cause to at least 35 unhealthy conditions  [2]. However, only less than 20% of the world´s adolescents 
meet the recommended levels of PA  [3]. Adolescence is a period for many biological and behavioral changes. 
These include, for instance, shifts in circadian rhythms towards eveningness [4–6], which, coupled with early 
school starts, make adolescents prone to insufficient sleep and daytime sleepiness  [7,8].  
A marked decline in PA in relation to childhood is common in adolescence [9–11]. A previous 
British study showed a yearly ~10% increase in sedentary behavior from age 10 to 14, corresponding to an over 
40 minutes decrease in daily PA [9].  During adolescence, there is also a progressive shift towards more evening-
oriented circadian rhythm [4,6], influenced by genetic tendencies [12], hormonal changes [13], and by changes in 
the  psychosocial environment [13,14]. However, it is not known whether these two transitions, i.e. decline in PA 
levels and shift towards eveningness, are intertwined.  Some evidence exists showing that morning-oriented 
adolescents report exercising more than evening-types or those with late bedtimes [15–20]. With regard to 
objectively measured PA, both later midpoint of sleep and circadian preference towards eveningness associate 
with less moderate to vigorous PA (MVPA) and increased sedentary behavior in adults [21,22]. It is still unclear 
on whether sleep midpoint or genetic tendency to morningness/evenigness associate with objective or subjective 
PA and its changes in adolescence.  
 
1.1 Current Study 
Thus far, studies on individual factors affecting trajectories of physical activity across adolescence is scarce. 
Accordingly, the objective of this study was to examine objectively and subjectively measured PA levels in relation 
to self-reported circadian preference, midpoint of sleep defined by an actigraph, and genetic tendency towards 
morningness. For this purpose, we used  a polygenic score (PGS) for morningness based on the recent genome-
wide association study (GWAS) on the subject [23]. These associations were studied both longitudinally and in 
cross-section from early (12 years) to late (17 years) adolescence in a sample derived from a Finnish cohort study. 
Based on prior research, we hypothesized that eveningness would associate with less subjective and objective PA 
and with a greater decline of PA from early to late adolescence.. In addition, we examined the difference in PA 
change between boys and girls as previous studies indicate that a greater decline in PA among boys than among 




2. Material and Methods 
2.1 Participants 
The analytic sample used here is based on adolescent follow-ups from a Finnish urban community-based cohort 
[4]. At T1, when participants were 12 years of age on average, genetic samples were  extracted and actigraph-
based physical activity and sleep were measured. At T2, when participants were 17 years of age on average, 
participants reported their circadian preference and exercise habits and actigraphy was used to measure daytime 
physical activity and sleep patterns.  
The analytic sample at T1 (N=353, girls=187, boys=166; Mean age=12.3, SD=0.5 years) consisted 
of those with information on actigraph-based physical activity and sleep measurement for at least 2 days at T1 and 
a genetic sample extracted at T1. The analytic sample at T2 (N=172, girls=99, boys=73; Mean age=16.9, SD=0.1 
years) consisted of those with information on actigraph-based physical activity and sleep measurement at T2 for 
at least 2 days, self-reported circadian preference at T2 and a genetic sample extracted at T1. Longitudinal sample 
consisted of 167 individuals with complete data from both T1 and T2 (56.4% girls).The Ethics Committee for 
Children and Adolescents’ Diseases and Psychiatry at the Helsinki University Central Hospital approved the study 
protocol. All participants and their parents gave their written informed consent. 
 
2.2. Objective measurement of physical activity and sleep-wake rhythm by actigraphy at T1 and T2 
The daytime PA and sleep patterns at T1 and T2 were measured with actigraphs (Actiwatch AW7, Cambridge 
Neurotechnology Ltd., UK) worn on the non-dominant wrist with a 1-minute epoch length.. For PA, at least 10 
hours of PA data per day from 9AM onwards was considered a valid day recording [24].  A minimum of at least 
two valid days/nights recording was required per participant to be included in the analyses (T1 Mean=7.99, 
SD=1.76 measured days; T2 Mean=6.91, SD=2.23 measured days).  
We assessed LPA, MVPA and sedentary behavior as average percentages per day by dividing the 
cpm for each activity measurement day. General PA at T1 and T2 was calculated as the total counts per minutes 
(cpm) and averaging this over the measurement period for each participant. Sedentary behavior was calculated as 
activity below 320 cpm, light PA (LPA) as activity from 321 to 1047 cpm and moderate to vigorous activity 
(MVPA) as activity from 1048 to above according the appropriate metabolic equivalents based on a validation 
study on children regarding the same actigraph used here [25].  
For sleep measurement (T1 Mean=8.10, SD=1.73 and T2 Mean=8.12, SD=1.97 measured nights), 
the participants were instructed to report the wake-up time and bedtime by pressing an event marker button in the 
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actigraph device as well as by keeping a sleep log., that helped to discard any nights with significant confounding 
(eg., sickness, travel). Average midpoint of sleep was determined by the half of the time passed in sleep between 
the sleep onset and waking up. To define sleep quality, we used wake after sleep onset (WASO) time, calculated 
as the amount of minutes recorded as wake after the sleep onset. The actigraph measurement periods -included 
both weekdays and weekends.  
 
2.3 Change in general PA from T1 to T2 
The change in general PA from T1 to T2 was calculated as a difference score (T2-T1), a smaller score indicating 
a larger decline in PA. In our sample, there were 10.2% of participants (N=17) whose PA level increased from T1 
to T2. PA declined from T1 to T2 in 89.8% of the participants (N=150). We split these participants into three 
groups: 1) increasers in PA (N=17, mean difference between T1 and T2 (MD)=493.88 cpm, SD=1813.87), 2) 
moderate decliners in PA (N=75, median split among the declining group, MD=-85.62, SD=40.60) and 3) large 
decliners in PA (N=75, MD=-259.50, SD=90.66).  
 
2.4 Self-reported exercising habits at T2 (age 17) 
Self-reported PA was assessed with the following five questions at age 17: 1) Describe your fitness level (from 
1=very poor to 5=very good); 2) How often do you exercise in your free-time? (from 1=not at all to 7=almost 
every day); 3) How long does your average exercise time last? (1=I do not exercise to 5=from two hours to longer); 
4) How much light exercise do you do at your free-time? (1=not at all to 6=about seven or more hours a week); 5) 
How much brisk exercise do you do at your free-time? (1=not at all to 6=about seven or more hours a week). These 
self-reported items were used as continuous indicators of PA.  
 
2.5 Subjective circadian preference assessment 
Participants reported their chronotype at T2. To create consistency with the design in the GWAS [23] utilized for 
PGS calculation here, we used item 19 from Morningness-Eveningness Questionnaire (MEQ  [26]) to define 
circadian preference. This item correlates significantly with the full MEQ in our sample (r=0.781, p<0.0001). The 
question requests individuals to estimate their circadian preference as either 1=Definitely a ‘morning’ person, 
2=More a ‘morning’ than an ‘evening’ person, 3=More an ‘evening’ than a ‘morning’ person or 4=Definitely an 
‘evening’ person. Similarly to GWAS on circadian preference [23], we assessed this item as continuous in other 
to calculate the best fit polygenic score for morningness by scoring those answering Definitely a ‘morning’ 
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person=2, More a ‘morning’ than an ‘evening’ person=1, More an ‘evening’ than a ‘morning’ person=-1 and 
Definitely an ‘evening’ person=-2.  
 
2.6 Genotyping and calculation of the polygenic score for morningness 
DNA was extracted from blood (22%) and saliva samples (78%) collected at the 2009-2011 follow-up and the 
genotyping was performed with the Illumina OmniExpress Exome 1.2 bead chip at the Tartu University, Estonia, 
in September 2014, according to the standard protocols. IMPUTE2 software and the 1000 Genomes Phase I 
integrated variant set (v3 / April 2012; NCBI build 37 / hg19) as the reference sample was used for imputation. 
Before imputing the following quality control filters were applied: single nucleotide polymorphism (SNP) 
clustering probability for each genotype >95%, call rate >95% individuals and markers (99% for markers with 
minor allele frequency (MAF) <5%), MAF>1 %, Hardy–Weinberg equilibrium (HWE) p>1×10-6. 
The polygenic score (PGS) for morningness was calculated based on a recent GWAS [23] across 
whole genome. PGS for morningness was computed using the beta and p-values from summary statistics of this 
GWAS for self-reported chronotype, based on data from 128,266 British adults, aged 37 to 73 years, from the UK 
Biobank study and replicated in 89,283 23andMe participants [23]. Before calculating the PGS, clumping was 
performed with plink 2.0 (http://www.cog-genomics.org/plink/2.0/) [27] in order to remove the SNPs which are 
in linkage disequilibrium with each other (r2 value 0.1 used according to the default value in PRSice software). 
For the PGS analysis, the statistical analysis software package PRSice v2.2.0 was used [28]. Best fit PGS for 
genetic tendency towards morningness was gained with a p-value threshold of 0.0001 including 354 SNPs.  
 
2.7 Assessment of pubertal stage and BMI 
Pubertal maturation was self-assessed at T1 and T2 with the Pubertal Developmental Scale (PDS) [29] as described 
previously. The PDS scale is 5-item self-report scale concerning body hair, growth spurts, skin changes, for girls 
menarche and breast development, for boys facial hair and voice change scored 1=no changes to 4=development 
complete. Body mass index (BMI;  kg/m2) was measured at the  clinical visit at T1 and during the nurse´s home 
visit at T2.  
 
2.8 Statistical analysis 
We used correlation analysis to analyze how self-reported circadian preference, sleep midpoint and PGS towards 
morningness were related. As previous study on the same sample at T1 showed that physical activity differed 
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between sexes [30], one-way ANOVA was used to analyze the differences between sex in actigraph-based PA at 
T1 and T2, midpoint of sleep, subjective circadian preference,  genetic tendency towards morningness, BMI and 
pubertal status. Repeated measures ANOVA was used to analyze the difference in PA from T1 to T2 separately 
by sex.  
We used hierarchical regression analyses to analyze the association between circadian timing and 
actigraph-based PA at T1 and T2. For the associations at T1, sex, age and pubertal status were included in the 
model in the first step, sleep midpoint at age 12 in the second step and PGS for morningness in the final step. For 
the associations at T2, sex, age and pubertal status were included in the model in the first step, self-reported 
circadian preference in the second step, sleep midpoint at age 17 in the third step, and PGS for morningness in the 
final step. General linearized models adjusted with sex and age were used to analyze the association between 
circadian preference, sleep midpoint or PGS for morningness and self-reported exercising habits at age 17. Finally, 
hierarchical regression analyses were used for the association between circadian timing and change in actigraph-
based PA from T1 to T2. Sex and changes in age and pubertal status from T1 to T2 were included in the model in 
the first step, self-reported circadian preference in the second step, change in sleep midpoint from T1 to T2 in the 
third step, and PGS for morningness in the final step. 
 
3. Results 
3.1 Initial analyses of the study sample  
The analytic sample of participants at T1 and/or T2 in this study did not differ significantly from the rest of the 
participants in the initial cohort regarding gestational age, birthweight, length at birth or maternal alcohol 
consumption during pregnancy in T-tests (all P>0.15).  
As reported previously for the same cohort [12], self-reported circadian preference towards 
morningness at T2 correlated with higher genetic predisposition for morningness (r=0.16, p=0.03) and with earlier 
timed midpoint of sleep at T2 (r=-0.33, p<0.0001). Midpoint of sleep at T1 and T2 did not correlate significantly 
with the PGS for morningness (p>0.08 and p>0.06, respectively).  
 As Table 1 shows, girls were significantly further ahead in pubertal development than boys in our 
sample at both T1 and T2. There were no significant differences in BMI between boys and girls at T1 or T2. As 
shown in Table 1 and Figure 1, at T1, boys were more active than girls. Boys had a higher level of general PA 
(Figure1a) and a higher percent of MVPA, but less LPA (Figure1b) than girls. Girls and boys had an equal share 
of sedentary time during the day (Figure1b). At T2, boys had more sedentary time and less LPA than girls 
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(Figure1b). There were no significant differences between boys and girls in general PA and MVPA at age 17. 
Overall, general PA declined by 32% from T1 to T2 among girls (p=0.0001) and by 40% among boys (p<0.0001), 
while sedentary behavior increased from T1 to T2 by 25% among girls (p<0.0001) and by 32% among boys 
(p<0.0001). LPA declined by 25% from T1 to T2 among girls (p<0.0001) and by 30% among boys (p<0.0001). 
MPA declined by 55% from T1 to T2 among girls (p<0.0001) and by 63% among boys (p<0.0001). As illustrated 
in Figure 1a, the decline in general PA from T1 to T2 was significant among boys.  
As Table 1 shows, midpoint of sleep at T2 was significantly later among boys than among girls 
by 30 minutes. There were no significant differences between sexes in midpoint of sleep at T1, self-reported 
circadian preference at T2, or in the PGS for morningness (p=0.38). Sleep duration did not differ significantly by 
sex at T1, but at T2 boys slept by average 14 minutes less than girls. Sleep quality was somewhat poorer in boys 
at T1, with  5 minutes more WASO as compared to girls. There were no differences in sleep quality between sexes 
at T2.  
 
3.2 Actigraphy-based PA by chronotype at the age 12 (T1) 
As Table 2 shows, later midpoint of sleep at T1 correlated significantly with lower level of general PA, more 
sedentary behavior, and less LPA and MVPA. PGS for morningness and PA at T1 did not correlate significantly. 
Table 3 shows the hierarchical regression models for PA at T1.  Age was significantly associated with PA 
explaining together with sex and pubertal status 6% to 13% of variance in PA, while sex associated with LPA and 
MVPA. Introducing either midpoint of sleep at T1 in the second step or PGS for morningness in the third step did 
not contribute significantly to the models.  
 
3.3 Actigraphy-based PA and self-reported exercising habits by chronotype at the age 17 (T2) 
As Table 2 shows, those with circadian preference towards eveningness at T2 had less general PA, LPA and MVPA 
and more sedentary behavior than those with circadian preference towards morningness. Midpoint of sleep or PGS 
for morningness did not significantly correlate with PA at T2. 
As Table 4 for the hierarchical regression models at T2 shows, sex, age and pubertal status were 
not significantly associated with PA at T2. The second step, introducing self-reported circadian preference, 
contributed significantly to models on general PA, LPA and sedentary behavior, explaining additional 4 to 5% of 
variance in PA. Introducing midpoint of sleep T2 in the third step or PGS for morningness in the final step did not 
significantly add to the explained variance of PA variables. Those with circadian preference towards morningness 
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reported having better fitness level (β=0.13, 95% CI=0.04 to 0.23, p=0.006), they exercised more at their free-time 
(β=0.28, 95% CI=0.13 to 0.44, p=0.0004), had longer workouts (β=0.13, 95% CI=0.03 to 0.23, p=0.009) and had 
more both light (β=0.18, 95% CI=0.03 to 0.33, p=0.02) and vigorous (β=0.33, 95% CI=0.17 to 0.50, p=0.00007) 
PA at their free-time than those with circadian preference towards eveningness. Midpoint of sleep at (all p>0.09) 
and PGS for morningness (all p>0.20) were not significantly associated with self-reported PA. 
 
3.4 Change in actigraphy-based PA from age 12 to age 17 by chronotype 
In hierarchical regression analyses, sex, time between T1 and T2, and pubertal status explained together 8% of 
variance in PA change from T1 to T2. Of these, only sex was significantly associated with PA change indicating 
that boys had a greater decline in PA than girls from T1 to T2 (β=-0.23, p=0.008, for age and pubertal status p-
values>0.11). The second step, introducing self-reported circadian preference, explained an additional 4% of 
variance in PA change. Those with circadian preference towards eveningness had a larger decline in PA (β=0.20, 
p=0.02) than those with circadian preference towards morningness. Introducing change in midpoint of sleep from 
T1 to T2 in the third step or PGS for morningness in the final step did not significantly add to the explained 
variance of change in PA (p>0.69 and p>0.95 respectively). Figure 2 shows the mean circadian preference by 
general PA change trajectories. It shows that eveningness was more prevalent in both PA decline groups.  
 
4. Discussion 
Many studies have found a declining trajectory of physical activity during adolescence [9–11]. However, less is 
known of factors individually affecting these trajectories. We examined this question by studying objective and 
subjective chronotype markers that included self-reported circadian preference, actigraph-based sleep midpoint, 
and a polygenic score for genetic tendency towards morningness, in relation to the level and development of PA 
from age 12 to 17. For PA measurements, we used both actigraphy-based daytime physical activity levels at both 
ages, and complemented the assessment with aself-reported fitness level and exercising habits at age 17.  
At age 12, later actigraphy-based midpoint of sleep correlated with lower daytime PA, but five 
years later, at age 17, there was no significant association between PA or midpoint of sleep. However, at age 17, 
those with circadian preference towards eveningness had significantly more sedentary behavior and a lower level 
of general  PA,  LPA and MVPA than those with a circadian preference towards morningness. Furthermore, the 
decline in objectively measured PA and increase in sedentary behavior from age 12 to age 17 was emphasized 
among those with self-reported circadian preference more towards eveningness. Objective chronotype markers, 
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sleep midpoint and PGS for morningness, did not explain any additional variance in the developmental trajectories 
of PA, and PSG for morningness was not associated with daytime PA during adolescence.  
As expected, there was a moderate association between all the chronotype markers used here: 
those with circadian preference more towards eveningness had later midpoint of sleep and lower genetic tendency 
for morningness.  These chronotype variables do not, however, represent exactly the same phenomenon as 
circadian preference describes what the individual would feel as their optimal behavioral timing, while midpoint 
of sleep describes more of the actualized sleep-wake rhythm for a certain time period which can be subject to 
factors other than the individual´s preference. Genetic tendency, on the other hand, does not necessary translate to 
the individuals actualized phenotype, as almost 50% of the individual´s chronotype is estimated to be influenced 
by environmental factors [31]. Furthermore, the participants of the GWAS on which the PGS for morningness is 
based, were 40 to 69 year old adults in the UK Biobank sample [23]. It is thus possible that calculating PGS based 
on a different population with its own genetic makeup and from a sample with different age range influences how 
well suited the PSG is in capturing chronotype in the current study. Regardless, our analyses indicated that PGS 
for morningness and objectively assessed midpoint of sleep had did not echo the effect of later circadian preference 
on physical activity behavior. . Supporting the value of using subjective circadian preference as a circadian 
typology marker, previous studies have shown that eveningness based on full and reduced MEQ score has been 
shown to associate with shorter and later-timed activity acrophase as compared to morningness [32–34].  
While there is lack of similar studies with objective sleep and PA indicators to compare our results, 
previous study on 2200 adolescents between ages 9 to 16 years is aligned with our results by showing that those 
reporting late bed-/rise time rhythm had less MVPA than those reporting early bed-/rise times unrelated to sleep 
duration [35]. Similarly, circadian preference towards eveningness has been associated with more sedentary 
behavior and less PA than circadian preference for morningness in adults [21]. Also similarly to previous findings 
in adults  [22], later midpoint correlated with lower PA at age 12 in our study. However, it did not correlate with 
PA at age 17, and later midpoint did not add explained variance of PA in any models.  
Regarding general behavioral habits and self-estimated physical condition, our results also showed 
that those with circadian preference more towards eveningness self-reported poorer fitness level and exercising 
habits. These results are in line with previous studies on self-reported physical behavior and chronotype suggesting 
that circadian preference towards eveningness associates with higher physical inactivity in adolescents [16,20], 
less exercising among both adolescents [15,18] and adults [17] and shorter physical exercise time in young adults  
[36]  than circadian preference towards morningness.  
11 
 
It is possible that those with circadian preference towards eveningness have lower PA because 
they have more difficulties finding a suitable time in line with their preference to exercise. Studies on adult 
psychophysiological responses to physical activity in different chronotypes have shown that Evening-types feel 
more exhausted and their physical performance is poorer when physical activity is timed early in the day rather 
than in the evening [37]. Previous studies confirm that those with circadian preference towards eveningness have 
also later actigraph-based activity acrophase than those with circadian preference towards morningness [34,38] 
highlighting difference in the peak performance time among circadian preference types. It is also possible that 
Evening-types have less energy to exercise due to higher amount of sleep difficulties than those with circadian 
preference towards morningness [7,8]. Previous studies have shown that adolescents with late bedtimes not only 
exercise less but also report more sleep problems, day-time tiredness and higher accident propensity than those 
with earlier bedtimes [18]. Eveningness predisposes adolescents to sleep problems as school and other social 
schedules during weekdays are not in line with the sleep-wake and other behavior timing preferences of those with 
circadian preference more towards eveningness. This has been shown in a previous study indicating that those 
with circadian tendency more towards eveningness accumulate sleep debt during school/working days creating a 
social jetlag [39]. Lack of sleep on the other hand has been shown to associate with low levels of PA in adolescents 
[40,41].  
Adolescents in this study met on the average the recommended amount of 60 minutes of moderate 
to vigorous PA per day [3] at both T1 and T2. In general, adolescents in our sample slept on average at age 12 
very close to the lower limit of the recommended 8 to 10 hours per night for teenagers and at age 17 in the border 
of necessary sleep duration per night [42]. However, both at age 12 and 17 sleep quality in our sample was not 
optimal as WASO exceeded 20 minutes on average [43]. Boys had poorer sleep quality at age 12 and they had 
shorter sleep than girls at age 17. Shorter sleep duration than recommended combined with poor sleep quality 
among boys might at least partly explain why the decline in objectively measured physical activity in our study 
from age 12 to 17 was larger among boys (-40%) than girls (-32%). Previous studies on adolescent PA [10] are in 
line with our finding of greater decline in PA among boys  than among girls. In turn, sedentary activity increased 
from age 12 to age 17 by 32% in boys and 25% in girls. The mean yearly change in boys  (-8% per year ) was 
close to that reported before in a meta-analysis of 26 studies (7% [10]). For girls, the mean yearly change was -
6.4%, which is almost the same as reported elsewhere (-6.3% [10]). Girls were ahead of boys in pubertal status at 
each time point, which could explain why PA levels were lower for girls at T1 as compared to boys and be another 
explanation for why the decline in PA between T1 and T2 was more drastic in boys than in girls. Pubertal 
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development in girls has been associated with lower level of physical activity and indicated to be mostly due to 
changes in psychological well-being, such as increased depression and negative self-awareness [44]. Pubertal 
status has also been suggested to influence more than chronological age on both physical activity level as well as 
the circadian shift towards eveningness during adolescence in girls [45]. Similar negative effects of pubertal 
maturation on PA in boys have also been previously reported, where PA has declined more drastically in boys 
with early pubertal maturation than in later-maturing boys [46].  
 
4.1 Limitations and strengths 
As a limitation, we did not have data on the subjective circadian preference at the age of 12, and self-reported PA 
was available only at the age 17. Actigraph-based measurements were not all performed at the same time of the 
year at T1 or at T2. We also lacked information on actigraph-based rest activity circadian rhythm, which would 
have been an interesting addition to the study. Strengths of our study include the large longitudinal sample of 
actigraph-based PA at the ages 12 and 17, which enable examining the change in PA with age in relation to 
chronotype. Other strengths of our study include differentiation between chronotype indicators of genetic 
tendency, actualized behavior and behavioral preference.  
 
5. Conclusions 
PA levels during childhood and adolescence determine to large extent adult physical activity levels, and therefore 
health prospective [47]. The results of this study emphasize the role of subjective circadian preference as the 
primary indicator relevant for understanding variation and developmental trajectories of PA in adolescence. 
Eveningness associated with not only poorer subjective fitness level and exercising habits but also, as a novel 
finding, with lower levels of objectively measured PA during adolescence. Additionally, our study shows that 
circadian preference towards eveningness associated with negative development in PA level from early to late 
adolescence. Physical inactivity has many negative health consequences, not only in adulthood [2] but also during 
adolescence [1,48]. Not surprisingly, population-based studies indicate that the same health risks related to 
physical inactiveness [2] are also more prevalent among adults with circadian preference towards eveningness 
[17,49,50].  These findings may offer new perspectives to understand developmental aspects of this phenomenon. 
Furthermore, these findings should encourage interventions in scheduling physical activities to better motivate 
physical activity among evening-oriented adolescents. The timing of the physical activity might play a key role in 
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motivating an evening-oriented adolescent to exercise more, but also ensuring long enough sleep at night is 
essential in preventing daytime tiredness.  
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Figure 1. Actigraph-based physical activity (PA, counts per minute, CPM) in girls and boys at T1 and T2 a) general PA 
per day and b) mean percentage of sedentary behavior, LPA and MVPA per day. Repeated Measures ANOVA p-values 





Figure 2. Change in general physical activity from T1 to T2 in three groups according to self-reported circadian preference 








Table 1. Descriptive statistics of the sample by measurement points at T1 and T2.  
 





 T1  T2 
 Girls (N = 187) Boys (N = 166) P-value   Girls (N = 98) Boys (N = 73) P-value  
 Mean (SD) Mean (SD)   Mean (SD) Mean (SD)  
Age  12.32 (0.56) 12.35 (0.52) 0.63  16.89 (0.12) 16.89 (0.12) 0.98 
PDS 2.04 (0.48) 1.55 (0.38) 6.3×10-22  3.45 (0.26) 3.00 (0.38) 1.4×10-15 
BMI 19.54 (2.99) 19.42 (3.34) 0.71  22.26 (3.53) 21.67 (3.46) 0.27 
Actigraphy usage days  7.85 (1.73) 7.89 (1.86) 0.83  6.65 (2.22) 7.26 (2.19) 0.07 
General PA (mean cpm/day) 411.44(112.08) 451.95 (127.43) 0.002  281.50 (80.59) 272.40 (85.54) 0.48 
Sedentary behavior (%/day) 55.13 (10.33) 54.54 (10.64) 0.60  68.93 (9.60) 71.87 (9.46) 0.04 
LPA (%/day) 36.67 (6.64) 34.50 (6.86) 0.003  27.36 (7.68) 24.03 (7.91) 0.006 
MVPA (%/day) 8.20 (5.21) 10.96 (6.06) 0.000006  3.71 (2.53) 4.10 (3.03) 0.37 
Midpoint of sleep in hours:min 3:12 (0:37) 3:15 (0:42) 0.47  4:06 (1:05) 4:36 (1:18) 0.03 
MEQ item 19 continuous NA NA NA  -0.91 (1.18) -0.95 (1.18) 0.85 
Sleep duration in hours.min 8:00 (0:26) 7:54 (0:32) 0.06  7:08 (0:41) 6:54 (0:41) 0.03 
Wake after sleep onset in hours:min 0:56 (0:16) 1:01 (0:20) 0.008  0:46 (0:17) 0:53 (0:24) 0.06 
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Note: PGS = polygenic score, LPA = light PA, MVPA = moderate to vigorous physical activity. 
 
  
 Midpoint of sleep at T1 PGS for morningness Circadian preference at  
T2 










T1         
PGS for morningness  -0.08 0.08       
General PA   -0.10 0.03 0.03 0.28     
Sedentary behavior   0.12 0.02 -0.05 0.19     
LPA    -0.10 0.04 0.07 0.13     
MVPA   -0.10 0.04 0.02 0.39     
         
T2         
PGS for morningness      0.16 0.03   
midpoint of sleep    -0.13 0.06 -0.33 0.00003   
General PA     0.06 0.26 0.19 0.01 0.02 0.40 
Sedentary behavior     -0.04 0.33 -0.22 0.005 -0.03 0.37 
LPA      0.04 0.34 0.21 0.006 0.03 0.37 
MVPA     0.03 0.38 0.14 0.04 0.01 0.44 
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Note: PA = physical activity, LPA = light PA, MVPA = moderate to vigorous physical activity, R2 = Variance in dependent variable explained by the model, R2 Change = 
Additional variance in dependent variable explained by the novel variable entered in the step, p-valuea = Significance for additional variance in dependent variable explained 
by the novel variable entered in the step, β = Standardized coefficient, p-valueb = Significance of the association between independent variable and dependent variable, PGS = 
polygenic score. 
  
 General PA at T1  Sedentary behavior at  T1  LPA at  T1  MVPA at  T1 
R2 R2 Change (p-
valuea) 
β (p-valueb)  R2 R2 Change (p-
valuea) 
β (p-valueb)  R2 R2 Change (p-
valuea) 
β (p-valueb)  R2 R2 Change  
(p-valuea) 
β (p-valueb) 
Step 1 Variables entered:  sex, age 
and pubertal status 
0.10    0.07    0.06    0.13   
sex   0.11 (0.08)    0.01 (0.88)    -0.16 (0.02)    0.18 (0.006) 
age at T1   -0.24 (0.00005)    0.24 (0.00006)    -0.19 (0.001)    -0.21 (0.0002) 
pubertal status at  T1   -0.11 (0.11)    0.08 (0.22)    -0.03 (0.71)     
                
Step 2 Variables entered:    
midpoint of sleep at  T1 
0.11 0.004 (0.24)   0.08 0.004 (0.28)   0.06 0.001 (0.58)   0.13 0.006 (0.16)  
sex   0.12 (0.07)    0.005 (0.94)    -0.16 (0.02)    0.18 (0.005) 
age at T1   -0.22 (0.0002)    0.22 (0.0002)    -0.18 (0.003)    -0.20 (0.001) 
pubertal status at  T1   -0.11 (0.12)    0.08 (0.23)    -0.03 (0.71)    -0.12 (0.06) 
midpoint of sleep at  T1   -0.07 (0.24)    0.06 (0.28)    -0.03 (0.58)    -0.08 (0.16) 
                
Step 3 Variables entered:  PGS for 
morningness 
0.11 0.001 (0.63)   0.08  0.002 (0.41)   0.07 0.004 (0.25)   0.13 0.00005 (0.90)  
sex   0.12 (0.07)    0.007 (0.91)    -0.16 (0.02)    0.18 (0.005) 
age at T1   -0.22 (0.0002)    0.23 (0.0002)    -0.19 (0.002)    -0.20 (0.001) 
pubertal status at  T1   -0.11 (0.12)    0.08 (0.23)    -0.03 (0.72)    -0.12 (0.06) 
midpoint of sleep at  T1   -0.06 (0.26)    0.06 (0.32)    -0.03 (0.66)    -0.08 (0.17) 
PGS for morningness   0.03 (0.63)    -0.05 (0.41)    0.07 (0.25)    0.007 (0.90) 
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Table 4. Hierarchical Regression Model of actigraphy measured physical activity (PA) at T2.  
 
 
Note: PA = physical activity, LPA = light PA, MVPA = moderate to vigorous physical activity, R2 = Variance in dependent variable explained by the model, R2 Change = 
Additional variance in dependent variable explained by the novel variable entered in the step, p-valuea = Significance for additional variance in dependent variable explained 
by the novel variable entered in the step, β = Standardized coefficient, p-valueb = Significance of the association between independent variable and dependent variable, PGS = 
polygenic score. 
 General PA at T2  Sedentary behavior at  T2  LPA at  T2  MVPA  at  T2 
R2 R2 Change (p-
valuea) 
β (p-valueb)  R2 R2 Change  
(p-valuea) 
β (p-valueb)  R2 R2 Change  
(p-valuea) 
β (p-valueb)  R2 R2 Change  
(p-valuea) 
β (p-valueb) 
Step 1 Variables entered:   sex, age 
and pubertal status 
0.0002    0.02    0.04    0.02   
sex   -0.02 (0.88)    0.09 (0.41)    -0.14 (0.19)    0.09 (0.38) 
age at T2   -0.001 (0.99)    -0.02 (0.81)    0.04 (0.66)    -0.04 (0.68) 
pubertal status  at T2   -0.002 (0.98)    -0.05 (0.66)    0.07 (0.52)    -0.03 (0.77) 
                
Step 2 Variables entered:     
circadian preference 
0.04 0.04 (0.02)   0.06 0.05 (0.01)   0.08 0.04 (0.02)   0.04 0.02 (0.07)  
sex   -0.05 (0.66)    0.12 (0.25)    -0.17 (0.10)    0.07 (0.52) 
age at  T2   0.01 (0.88)    -0.04 (0.68)    0.05 (0.54)    -0.02 (0.78) 
pubertal status  at T2   -0.07 (0.55)    0.02 (0.85)    0.004 (0.97)    -0.08 (0.46) 
circadian preference   0.24 (0.01)    -0.22 (0.01)    0.21 (0.02)    0.16 (0.07) 
                
Step 3 Variables entered:   
midpoint of sleep at  T2 
0.05  0.009 (0.27)   0.08 0.02 (0.14)   0.10 0.02 (0.11)   0.04 0.002 (0.56)  
sex   -0.07 (0.55)    0.14 (0.17)    -0.20 (0.06)    0.06 (0.58) 
age at  T2   0.007 (0.94)    -0.03 (0.75)    0.04 (0.61)    -0.03 (0.75) 
pubertal status  at T2   -0.07 (0.53)    0.03 (0.81)    -0.001 (0.99)    -0.08 (0.45) 
circadian preference   0.24 (0.01)    -0.26 (0.004)    0.25 (0.005)    0.18 (0.06) 
midpoint of sleep at  T2   0.10 (0.27)    -0.13 (0.14)    0.14 (0.11)    0.05 (0.56) 
                
Step 4 Variables entered:    PGS 
for morningness 
0.05 0.001 (0.67)   0.08 0.00006 (0.92)   0.10  0.00001 (0.97)   0.04 0.0003 (0.84)  
sex   -0.07 (0.54)    0.15 (0.18)    -0.20 (0.06)    0.06 (0.59) 
age at T2   0.007 (0.93)    -0.03 (0.75)    0.04 (0.61)    -0.03 (0.75) 
pubertal status  at T2   -0.07 (0.51)    0.03 (0.81)    -0.001 (0.99)    -0.09 (0.44) 
circadian preference   0.23 (0.01)    -0.26 (0.005)    0.25 (0.006)    0.18 (0.06) 
midpoint of sleep at  T2   0.10 (0.25)    -0.13 (0.14)    0.14 (0.12)    0.06 (0.55) 
PGS for morningness   0.04 (0.67)    -0.008 (0.92)    0.004 (0.97)    0.02 (0.84) 
